Calculations of the microcanonical dissociation rate for vibrationally excited ketene on the first excited triplet surface (T 1 ) are presented. The calculations utilize the quantum reactive scattering methodology of absorbing boundary conditions ͑ABC͒ with a discrete variable representation ͑DVR͒ to obtain the cumulative reaction probability for dissociation over the barrier. Model 1-and 2-degree of freedom potential energy surfaces for the T 1 surface were obtained by fitting to the best available ab initio structures, energies, and frequencies. The dissociation rates in these reduced-dimensionality calculations give good overall agreement with the experimentally measured rates, although the steplike features seen in the experiments are washed out by the tunneling through the narrow barrier predicted in the ab initio calculations. Further model calculations reveal that a barrier frequency of approximately 50-100i cm Ϫ1 is required to recover the step structure seen experimentally, which suggests that there is either another transition state region on the T 1 surface farther out towards the product channel, or that there is surface-hopping dynamics taking place between the T 1 and S 0 ketene potential energy surfaces, or that the ab initio barrier frequency is simply too large.
I. INTRODUCTION
In a recent series of experiments, Moore et al. have reported on a number of fascinating aspects of the dynamics of ketene photodissociation. [1] [2] [3] [4] [5] The internal isomerization of carbon-labeled ketene via the oxirene intermediate exhibited surprising structure in the energy dependence of the isomerization rate;
2 the quantum dynamics of this process was the subject of a previous study by the authors. 6 The photodissociation of singlet ketene onto the singlet methylene surface has also been studied in great detail because it was an excellent example of a barrierless bond-breaking process. 3 Product state distributions of this reaction have also been measured, giving varying degrees of agreement with statistical theories such as phase space theory ͑PST͒. 7, 8 More recently, Kim, Lovejoy, and Moore 1 have investigated the dissociation of triplet ketene onto the triplet methylene surface. Figure 1 shows a schematic of the surfaces and energies involved in the experiment. Kim et al. prepared rotationally cold ketene on the S 0 surface ͑see Fig. 1͒ in a supersonic molecular jet, and used an UV laser to excite the ketene to the first excited singlet surface (S 1 ), which then underwent intersystem crossing to the triplet (T 1 ) surface. The products of the photodissociation on the triplet surface, 3 B 1 CH 2 ϩ 1 ⌺ ϩ CO, were detected using laser-induced fluorescence ͑LIF͒ of the CO fragment.
At first glance, the dissociation on the triplet surface is a simple barrier process for which standard reaction rate theories ͓RRKM 9 and transition state theory 10 ͔ provide adequate descriptions of the process and reaction rates. Indeed, the reaction rates observed by Kim et al. are very close to the predictions of RRKM theory, and the energy dependence of the reaction rate seems to exhibit the classic staircaselike structure that would result from newly opening channels at the transition state. Upon closer inspection, however, Kim et al. found that not all of the detailed fine structures in the energy dependence of the reaction rate were explainable using standard RRKM theory. We therefore undertook a series of calculations of the dissociation rate of triplet ketene onto the triplet methylene surface in order to further elucidate the origin of these structures. This paper describes those calculations and reports their results.
The microcanonical dissociation rate can be expressed as
where (E,J) is the density of reactant ͑ketene͒ states per unit energy, which is a smooth function of energy and can be treated well using an empirically determined constant times the Whitten-Rabinovitch approximation for the density of states,
where F is the number of vibrational modes of the ketene molecule, E zp is the zero-point energy of ketene on the S 0 surface, and ͕ i ͖ are the frequencies of the vibrational modes on the S 0 surface. The empirical constant multiplier has been measured by the Moore group in various experiments and was found to be 3.34.
1
N(E,J) is the cumulative reaction probability ͑CRP͒, which contains all the aspects of the dissociation process and whose calculation is the central task. The development of theoretical methods for calculating CRPs has been a major focus of our research group in the last few years, so the present application is an excellent test of this methodology. Seideman and Miller's 12 expression for the CRP is
͑1.3͒
where Ĝ J (E) is the Greens function,
Ĥ J being the total Hamiltonian ͑for total angular momentum J͒ for the ketene molecule, and ⑀ an absorbing potential to enforce outgoing wave boundary conditions. ⑀ r (⑀ p ) is the part of the absorbing potential in the reactant ͑product͒ region, e.g., the left ͑right͒ dotted curves in Fig. 1 ; ⑀ ϭ⑀ r ϩ⑀ p . In practice, one may place the absorbing potential immediately outside the barrier region for the reaction, thereby bypassing the problem of describing the dynamics of highly vibrationally excited ketene itself and only calculating the microcanonical reactive flux ͑which is the CRP͒. Even with this limited treatment of the dynamics, however, it is not possible to carry out the calculation in its full dimensionality of Fϭ3NϪ6ϭ9 degrees of freedom ͑with total angular momentum Jϭ0͒. We thus carry out a CRP calculation including f degrees of freedom, obtaining N f (E), and then fold in the other uncoupled degrees of freedom by microcanonical convolution,
where ͕⑀ n FϪ f ͖ are the energy levels for the FϪ f uncoupled degrees of freedom. Most of the modes are treated as uncoupled harmonic oscillators, though in this calculation one of the modes is a hindered internal rotation for which the harmonic approximation is particularly poor, so the energy levels for that degree of freedom are obtained in a more careful fashion. The details of the energy level calculation are given in Sec. II E. Equation ͑1.5͒ is a statement similar in nature to the ''dimensionality reduced'' approximations, 13, 14 and for f ϭ1 is the standard expression for one-dimensional tunneling corrections to microcanonical transition state theory. 10 Section II first gives a more detailed description of the theoretical methodology and its implementation, and Sec. III describes the results of the calculation for f ϭ1 and 2 coupled degrees of freedom. Section IV concludes. 3 AЈ transition state that lies between the 3 AЈ ketene structure and the products. The barrier to the internal rotation is only 1.07 kcal/mol, resulting in energy levels for the internal rotation that lie within the range over which the experiments were carried out. For the purposes of this calculation, the internal rotation is treated as uncoupled from the reaction coordinate, although the energy levels must be calculated in order to obtain the RRKM rate. This is necessary because the harmonic approximation that is used for the other uncoupled modes will be incorrect for an internal rotation. The calculation of these energy levels is detailed in Sec. II E.
II. SUMMARY OF THEORETICAL AND
The points along the reaction path that have been calculated by Allen and Schaefer lead us to believe that a simple one or two degree-of-freedom calculation will capture the essential aspects of the reaction dynamics. The reaction coordinate is ideally chosen to be the distance between the centers-of-mass of the CH 2 and CO fragments ͑R in Fig. 2͒ . The ab initio calculations show two other degrees of freedom to be strongly coupled to this reaction coordinate. One of these ͑the CCO bending vibration, ␥ in Fig. 2͒ transforms asymptotically into rotation of the CO product, while the other ͑the CH 2 scissors mode͒ retains its identity as a vibration, although the CH 2 bend angle changes considerably from 3 A ketene to the 3 B 1 methylene product. Although this mode may be strongly coupled to the reaction path, we treat it as uncoupled for the purposes of this calculation.
The functional form that we have used for the potential energy surface is
where V 1d is defined as
A schematic depiction of the lowest three electronic surfaces of ketene along the reaction coordinate. In the experiment, ketene is photoexcited to the first excited singlet state (S 1 ), which then undergoes internal conversion to the ground electronic surface (S 0 ) or intersystem crosses to T 1 . The dissociation can happen on either the S 0 or T 1 surfaces, which lead to the 1 CH 2 ϩCO ͑singlet channel͒ or 3 CH 2 ϩCO ͑triplet channel͒ products, respectively. The calculations in the present paper are of dissociation rates through the barrier region of the T 1 surface. The absorbing boundary potential used in this work is shown as a dotted line.
and where is switched smoothly from the CCO bend frequency at ketene to 0 in the product region, ϭ keteneͫ 1 1ϩe
͑2.4͒
The inertial term, a inert , in Eq. ͑2.1͒ is given by
In Eq. ͑2.4͒, R 1/2 is chosen so that the frequency of the perpendicular vibrational mode is correct at both the ketene and transition state structures,
͑2.6͒
The frequencies, energies, and positions of the ketene minimum, the transition state, and the asymptotic product valley are given in Table I . The parameters used to construct the best-fit potential energy surface are collected in Table II .
B. The coordinate system
In performing this calculation, we used mass-scaled body-fixed center-of-mass Jacobi coordinates. The particular arrangement of the Jacobi coordinates we employed used the vector R between the CH 2 and the CO centers-of-mass as the scattering coordinate, and r as the CO vibrational coordinate. Figure 2 illustrates the details of the coordinate system that was used. The internal coordinates can be simplified to a set of three-coordinates, qϭ(R,r,␥), where R is the mass scaled scattering coordinate ͑Rϭ͉R͉͒, r is the mass scaled CO vi-
The Jacobi coordinates used in this work. The coordinate r is the C-O vibrational coordinate, R is the distance from the center-of-mass of the CH 2 to the center-of-mass of the CO, and ␥ is the angle between these two distances. In this paper, the CO bond distance r is fixed, and the calculation is carried out in the scattering coordinate R and the angle ␥. The angle is utilized in the calculation of energy levels for the hindered internal rotation.
is angle between the plane defined internally to the CH 2 unified atom and the plane defined by the two carbon and oxygen atoms. brational coordinate (rϭ͉r͉), and ␥ is the bending angle ͓␥ϭa cos(r•R/rR)͔. The plane defined by the three ''atoms'' can be related to the lab frame coordinates via three Euler angles ͑⌽,⌰,⌿͒ which rotate the body-fixed center-ofmass coordinates into the lab frame center of mass coordinates. In the coordinate system outlined above, the sixdimensional Hamiltonian is
where ĴϪĵ is the orbital angular momentum operator, ĵ is the angular momentum operator for the CO, and the reduced mass, , is
͑2.8͒
In Eq. ͑2.7͒, the kinetic energy operators are
and
and V(r,R,␥) is the potential energy surface in the internal coordinates.
Since the internal degrees of freedom of the CH 2 moiety are treated as uncoupled from the scattering coordinate, the coordinate system is equivalent to the coordinates used in three atom reactive scattering calculations. In reduceddimensionality scattering calculations, the two most commonly used coordinates are the scattering coordinate R, and the vibrational coordinate r. In the dissociation of triplet ketene, R is an obvious choice for the scattering coordinate, but ␥ is a natural choice for the second degree of freedom since deformations of the CCO bend angle appear to be highly coupled to the reaction coordinate, and the CO bond length and vibrational frequency change little from ketene to the product CO molecule. We thus make the simplifying approximation that the CO bond distance is fixed at the transition state CO distance, r 0 . Within this approximation, the Hamiltonian simplifies to
The orbital angular momentum term can be expanded as
͑2.12͒
If we operate these terms on the simultaneous eigenstates of Ĵ 2 and the projections of Ĵ along the z-axes of both the body-fixed and space-fixed frames, then the first term in this equation is 2ប 2 J(Jϩ1). The final term in this equation is simply 2ប 2 K 2 , where K is the projection of the total angular momentum (Ĵ ) onto the z-axis of the body-fixed frame ͑which is along R͒. The third and fourth terms in Eq. ͑2.12͒ are off-diagonal in K and are usually called the Coriolis coupling terms. When the off-diagonal terms in K are small, these terms can be neglected, and the approximate Hamiltonian ͑or the ''centrifugal sudden'' approximation͒ is given by
C. The basis set
In performing this calculation, we have used two different discrete variable representations ͑DVRs͒ for the two coupled degrees of freedom. Along the scattering coordinate, R, we use the radial form of the sinc-function DVR introduced by Colbert and Miller. 17 In this basis set, the functions are associated with points along a grid defined by R i ϭi⌬R, where ⌬R is determined by the highest kinetic energy we wish to represent,
͑2.14͒
In this equation, N B is the number of grid points per deBroglie wavelength ͑typically between 3.7 and 4͒, and V low is the lowest point on the potential energy surface. In the radial sinc-DVR basis set, the kinetic energy for the scattering coordinate ͓the first term in Eq. ͑2.13͔͒ is given by 
͑2.15͒
In the bending degree of freedom, we are using a GaussLegendre DVR to construct a set of points ͕cos ␥ i ͖ and weights ͕ i ͖ for the Kϭ0 associated Legendre functions. These points and weights are then used to construct a representation of the angular momentum in the third term in Eq. ͑2.13͒ as follows:
where the P jK 's are the associated Legendre functions ͓ P jK (cos ␥) ϭ ͱ2Y jK (␥,0), and Y lm (,) is a spherical harmonic function͔. N GL is the number of Gauss-Legendre DVR points, which is obtained by dividing the range of ␥ ͑0 to ͒ by the angular spacing required to represent the highest kinetic energy. This spacing is calculated in a similar fashion to the radial spacing in Eq. ͑2.14͒. 18 have shown that an efficient way to evaluate the trace in Eq. ͑1.3͒ is to introduce the reaction probability operator P (E), defined by
D. Evaluation of the trace

Manthe and Miller
so that Eq. ͑1.3͒ for N(E) becomes
͓Since the absorbing potential matrices are diagonal, the square roots in Eq. ͑2.17͒ cause no problems.͔ We have dealt with the calculation of the trace of P ͓Eq. ͑2.18͔͒ in greater detail in another paper. 6 It is helpful to review the basic implementation of the method here, however. The trace is evaluated using the Lanczos algorithm; [19] [20] [21] i.e., one begins with some starting vector v 1 , and a sequence of Krylov vectors is generated by
where S.O. denotes Schmidt orthogonalization to all preceding vectors. The matrix elements of P in this basis,
are obtained in the process of generating the vectors, and the trace carried out in this representation,
This procedure is efficient because the rank of the matrix P is low, typically orders of magnitude lower than the size of the DVR basis itself, and the number of Lanczos iterations required-i.e., the number of Krylov vectors which must be generated via Eq. ͑2.19͒-is essentially the rank of P.
We explicitly reorthogonalize the Lanczos vectors to avoid compounding numerical errors and iterate until N(E) is converged to 10
Ϫ3
. For the highest energies reported this required 5-10 iterations, and for the lowest energies only about 3.
Every operation of the matrix P onto a vector in Eq. ͑2.19͒ requires two operations of the Green's function matrix onto a vector ͓i.e., the various matrices in P ϭ4⑀ r 1/2 Ĝ (E)*⑀ p Ĝ (E)⑀ r 1/2 multiply sequentially from the right͔. The operation of the Greens function matrix onto a vector effectively means that one must solve the set of linear equations,
A-xϭb,
͑2.22͒
where the vector b is given and Aϭ͑Eϩi⑀ϪH͒, and this is the primary computational task. Use of the Lanczos method above with the P-operator/matrix greatly reduces the number of Green's function operations that are required and is why it was such an important step forward.
We have made use of the quasiminimum residual ͑QMR͒ algorithm 22 to solve Eq. ͑2.22͒ for xϭA
Ϫ1
-b. QMR finds the inverse by a quasiminimization of the residual at each iteration, and is based on the look-ahead Lanczos algorithm which is used to find approximate eigenvalues of large nonHermitian matrices. We have also used a diagonal preconditioner to reduce the number of required applications of Aϭ͑Eϩi⑀ϪH͒ required to obtain the inverse. The detailed workings and the effective use of QMR in reactive scattering calculations has been investigated in great detail by Karlsson, 23 and the reader is encouraged to see this work for more specifics of how the QMR algorithm is applied to this type of calculation.
In this set of calculations, we have stopped the QMR iterations when the residual for the Green's function has dropped below 10
Ϫ4
. This typically required N applications of the matrix, where N is on the order of 10%-20% of the number of basis functions. 
E. Hindered internal rotation
Following the work of Kim, Lovejoy, and Moore, 1 we have treated the hindered internal rotation as uncoupled from the reaction coordinate, R, and the CCO bend, ␥. The hindered rotor cannot be treated as a simple harmonic oscillator in the reduced-dimensionality approximation ͓Eq. ͑1.5͔͒ because the barrier to internal rotation is at approximately the same energy as the energies at which the experiment is carried out. The situation is complicated even more by the high degree of coupling between the internal rotation and the overall rotation of the ketene about the same axis. Given the information about the transition states that is known from ab initio calculations, we can approximate the potential energy surface for the hindered rotation as a cosine series,
In Eq. ͑2.23͒, is the dihedral angle between the CH 2 and CCO planes, V 0 is the barrier to internal rotation, and V 1 changes the width of the barrier. There is one minor difference between our treatment of the internal rotation and the treatment in Ref. 1; we utilize the Jacobi R coordinate as the axis of the reference frame for the internal rotor, while Kim et al. used the CC bond as the axis for this rotation. In order to calculate the coupling between the hindered internal rotation and the overall rotation of the ketene molecule, we use ab initio calculations of the structure of the C s II transition state to obtain the moments of inertia for the ketene itself. The moment of inertia of the CH 2 top about the Jacobi axis is denoted I top , and the moment of inertia of the CO frame about the same axis is denoted I frame . Since I top ϽI frame , we use the principal axes of the ketene molecule at the transition state as the coordinate system. Following Brocks et al. 24 and Stockman et al., 25 the Hamiltonian is written as
where H rot is the rigid-rotor asymmetric top rotational Hamiltonian, and F is the effective rotational constant for the internal rotation of the top about its symmetry axis,
In Eq. ͑2.25͒, I a , I b , and I c are the principal moments of inertia of the ketene molecule, a , b , and c are the direction cosines of the symmetry axis of the top to the principal axes, and I top is the moment of inertia of the CH 2 about the symmetry axis. If Tϭ(HϪV), then momenta P and p in Eq. ͑2.24͒ are defined as
where iϭ͑a,b,c ͒, and pϭ ‫ץ‬T ‫ץ‬ .
͑2.26͒
In the expression for P i , i is the angular velocity about axis i. We can now make two simplifying assumptions. First, since there is a plane of symmetry, c from Eq. ͑2.25͒ vanishes. Second, since ( pϪ P) in Eq. ͑2.24͒ represents the relative angular momentum of the top and the frame, we can rewrite the Hamiltonian as
where
and ‡ denotes the transition state geometry. The Hamiltonian matrix can then be easily set up in a symmetric prolate top free-rotor basis. The nonvanishing elements of H are given in Stockman et al. 25 For the ketene transition state, which is a nearly symmetric top, the matrix elements off-diagonal in K ‡ are very small, so they are neglected in this calculation. In the free-rotor basis set, ͉m͘ ϭ (1/ͱ2)e Ϫim , the Hamiltonian matrix is then
͑2.31͒
A basis set of 100 free-rotor functions was used to construct the Hamiltonian matrix, which was then diagonalized to give the energy levels of the hindered internal rotation for each value of K. These energy levels ͑which differ slightly from those calculated in Ref. 1 due primarily to the height of the ab initio barrier͒ were then used in the RRKM expression for the dissociation rate.
III. RESULTS
The dissociation rate has been calculated with one and two quantum degrees-of-freedom in the scattering calculation. Thermal populations of the overall angular momentum (J) of ketene at a rotational temperature of 4 K were generated. At each energy, all allowed K states for a given J were used to construct the Hamiltonian in the centrifugal sudden approximation ͓Eq. ͑2.13͔͒. This Hamiltonian was used in the calculation of N JK (E), which was then used in the RRKM expression for the dissociation rate. The results of these calculations are presented below.
A. One degree of freedom
The cumulative reaction probability, N(E), for the one degree of freedom calculation is plotted in Fig. 3 . The most notable thing about N(E) is that it rises slowly over the span of several hundred cm Ϫ1 in energy. This range of energy is directly related to barrier frequency, which in the best ab initio calculations is 379i cm
Ϫ1
. A lower barrier frequency would make the rise in the reaction probability much sharper, because at energies below the barrier, tunneling through a wider barrier would be more difficult thereby reducing the reaction probability at those energies.
This reaction probability has been used in an RRKM calculation to obtain the dissociation rate as a function of energy. This is plotted along with the experimentally measured dissociation rates in Fig. 4 . There is good agreement in general with the experimental results and our calculation, although any steplike features due to quantization of states of the activated complex have been ''washed out'' by the slow rise of N 1d (E). This is due to the frequencies of some of the perpendicular vibrations ͑CCO bend, CH 2 wag, CH 2 rock, and HCCO torsion͒ being considerably lower than the barrier frequency. This causes the spacings between the would-be steps to be smaller than the width over which the step rises, so that they overlap one another, leading to a very smooth reaction probability in RRKM calculations.
In order to estimate what barrier frequency would be needed to closely match with the experimental rates, we have also calculated the rates using an asymmetric Eckart barrier with a number of different barrier frequencies as the potential energy along R. The reaction probability for this barrier is analytical and well-known. 26 These calculated rates are shown in Fig. 5 . It is interesting to note that we do not observe steplike features in the calculated rates until the barrier frequency has dropped below 100 cm Ϫ1 , four times lower than the barrier frequency predicted by ab initio calculations. With barriers that low, we do not obtain good agreement with experiments over the whole energy range, although the agreement at lower energies suggests that the barrier frequency may be substantially lower than ab initio calculations predict it to be.
Additionally, the steplike features seen with barrier frequencies of 100 and 50 cm Ϫ1 have approximately the correct energy spacings for states of the hindered internal rotation. The spacing of the steps in the experimental rates leads us to believe that the barrier to the internal rotation as well of the frequency for that vibrational mode at the transition state are probably too high in the ab initio calculations.
B. Two degrees of freedom
We have also investigated whether the steplike features in the experimental rates could be caused by coupling between one of the perpendicular vibrations and the reaction coordinate. If the potential energy surface ''tightened'' just before or after the transition state, it is possible that structure could arise in the CRP due to short-lived metastable states. Most of the highly-coupled modes loosen as the reaction coordinate goes toward the product region and become tighter toward the ketene reactant well. We picked the most highly-coupled mode ͑the CCO bend͒ for our investigation of this effect. The potential energy surface we are using ͓see Eqs. ͑2.1͒-͑2.6͔͒ does tighten the perpendicular vibrational frequency considerably towards the reactant region.
The calculated rate using two quantum degrees-offreedom is shown with the experimental rate in Fig. 7 . The most noticeable feature of the energy dependence of this reaction rate is that while giving quantitative agreement with the experimental rates, does not exhibit the steplike features observed experimentally.
IV. DISCUSSION
The present calculations thus show good overall agreement with the experimentally observed rates, but the steplike features observed experimentally are still unexplainable using the best currently available potential energy surface.
It is possible that the potential energy surface we have been using does not accurately capture the essential features of the reaction. The frequencies and energies along the reaction coordinate are known at a very small number of points-ketene, the transition state, and the asymptotic products. A second transition state farther out into the product region, or a tightening of the perpendicular modes after the known transition state to form a dynamical bottleneck could result in some of the structures observed by Kim et al. It may be, too, that the ab initio calculations are simply not quantitatively accurate for this system and that the barrier frequency may be significantly lower than the present value.
Alternatively, Troe and Moore have proposed 27 that the crossing between the singlet and triplet surfaces occurs at a geometry very near the transition state configuration ͑al-though with a substantially different CH 2 bending angle͒. Surface hopping between the triplet and singlet surfaces in the vicinity of the transition state could also give some amount of structure to the rates.
Which scenario is a most likely explanation for the observed features awaits a more comprehensive exploration of the both the triplet and singlet potential energy surfaces by ab initio methods. 
